Electrical spin injection and detection have been investigated at cryogenic temperatures using a lateral spin-valve structure. Either Bi or BiPb was used as a nonmagnetic spin medium, while CoFe and NiFe were employed as the spin injector and spin detector, respectively. A large magnetoresistance signal corresponding to ⌬R = 1.2 m⍀ was detected from the BiPb-based spin-valves. From this result, a large spin diffusion length of 230 m and a high interfacial spin polarization of 10% were derived. From an independent calculation, it was found that the interfacial spin polarization and the associated spin accumulation are strongly correlated with the interfacial resistance.
I. INTRODUCTION
Spintronics is an alternative information processing paradigm, in which the state of spin degree of freedom is a variable in addition to conventional electric charge. It has long been studied for fundamental understanding of the interaction between spins as well as for practical device applications. 1, 2 To better understand spintronics, three aspects of transport should be addressed: spin generation, spin diffusion, and spin detection. Although optical means of spin generation has typically been favored, 3 electrical spin injection is considered a better technique for device applications. [4] [5] [6] In this process, spin-polarized electrons are expected to come across a ferromagnet/nonferromagnet ͑F/N͒ interface and a nonequilibrium population of spins ͑a spin accumulation͒ develops in N. Spin relaxation in N occurs mainly by spin-flip scattering related to spin-orbit interaction. Spin detection is a process to sense a voltage ͑or resistance͒ at the N/F interface that is proportional to the spin accumulation, using a second proximal ferromagnetic electrode. This whole process was well demonstrated by a DattaDas spin field-effect transistor ͑spin FET͒. 7 Similar to the spin FET, a ferromagnetic metal is used as the electrical spin injector. The injector is conventionally fabricated on narrow band-gap semiconductors such as GaAs ͑Ref. 8͒ and AlGaAs ͑Refs. 5 and 9͒ due to their long spin lifetime and long carrier mean free path. Spin detection is more challenging. For the reliable spin detection, a lateral nonlocal ͑LNL͒ geometry, where a second ferromagnetic electrode is placed in the same plane as the spin injector, is widely exploited. This geometry can eliminate contributions from anisotropic magnetoresistance ͑AMR͒ and Hall effects. 10 In order to realize a spintronic device with good characteristics, materials and geometry must be chosen properly.
A material with a long spin diffusion length is desirable because injected spins should survive until they reach a proximal detector. Furthermore, its interface with a F should have a low spin-flip parameter ␣, where the spin-flip probability S is expressed as S =1−e −␣ . 11 Bismuth ͑Bi͒ is a semimetal with a highly anisotropic Fermi surface and unusual transport properties. 12, 13 Its intriguing transport properties are attributed to a very small electron effective mass of m ‫ء‬ Ϸ 0.001m o , a long carrier mean free path, Ϸ 1.35 m, and low carrier concentrations, n Ϸ p Ϸ 3 ϫ 10 17 cm −3 . 14,15 Furthermore, the properties of Bi can be altered by alloying with small concentration of other elements such as Sb 16 and Pb. 17 In this study, we investigated spin injection and spin transport properties in semimetallic Bi and lightly Pb-doped Bi alloy ͑Bi 0.95 Pb 0.05 ͒ thin films, using the LNL spin-valve geometry mentioned above. Material-dependent MR signals are presented and discussed with regard to interfacial spin polarization P and interfacial resistance RA. We also derive a large spin diffusion length observed in a BiPb alloy l s,BiPb Ϸ 230 m. Simulation clarifies the correlation between P and RA. Figure 1 shows a schematic, perspective view of a lateral spin-valve structure fabricated for this study. ited and patterned on a SiO 2 substrate by a combination of dc magnetron sputtering and a lift-off process. The patterned F1 and F2 electrodes were 10 m wide. Any oxides on the surfaces of F1 and F2 were removed by Ar + plasma etching before deposition of N metals. Either a Bi or Bi 0.95 Pb 0.05 film, 9 m in thickness, was deposited by rf magnetron sputtering and patterned into a bar with width of 0.5 mm and length of 5 mm using a lift-off process. In this structure, F1 and F2 act as a spin injector and a spin detector, respectively, and the distance between the two is varied by using multiple F2 electrodes at a variety of spacing L from F1. F2 is connected to a voltmeter, while injector F1 is connected to a current source. This geometry is called "nonlocal" because the current and voltage circuits are separated, thereby minimizing parasitic contributions such as AMR and Hall effects.
II. EXPERIMENTAL DETAILS
We intentionally employed different ferromagnetic materials with different coercivities ͑H c,CoFe Ͼ 100 Oe, H c,NiFe Ͻ 30 Oe͒, to facilitate the control of relative magnetization states M1 and M2. The magnetic easy axis is aligned along ŷ because of shape anisotropy, and an external magnetic field H is swept along ŷ as well. Spin-polarized carriers are injected from F1 into N across the F1/N interface and generate a nonequilibrium spin accumulation in N. The spin accumulation diffuses radially from the injection point while the nonpolarized bias current ͑I e ͒ flows to the left Au electrode. The spin-dependent electrochemical potential difference ⌬ is measured as a voltage change ⌬V at the opposite Au electrode. Since the voltage change ⌬V ͑and resistance change ⌬R͒ is dependent on the magnetizations M1 and M2, this measurement records MR variation as a function of an in-plane magnetic field. The magnetic field was swept over the range, +800-͑−800͒ Oe. Recently, Dash et al. 18 have demonstrated electrical spin injection into silicon at room temperature. Despite this inspiring report, we performed all the measurements in the cryogenic temperature range of 2-10 K to avoid spin relaxation activating at elevated temperatures. This is because the resistivities and lattice vibrations of Bi and Bi-based alloys rapidly increase with increasing temperature.
III. RESULTS AND DISCUSSION
We clearly observed MR behaviors in both Bi and BiPb alloy samples. This magnetization reversal in F2 is accompanied by a significant resistance change, ⌬R = 1.2 m⍀. When H y increases further, M1 reverses at H y = 120-180 Oe ͑H c,CoFe ͒, restoring a parallel magnetization configuration. This MR behavior is reproduced when H y is swept downward from positive to negative fields. The humps observed in the dip in the downward field sweep may be attributed to multistep magnetic domain rotation in F1 and local redistribution of accumulated spins.
The MR associated with spin injection and spin accumulation can be discussed by plotting ⌬R up − ⌬R down , shown with the solid line ͑right hand axis͒ in Fig. 2 . Using this plot, we can rule out interruptions from charge current and background contributions which may cause a nonzero sloped baseline. Furthermore, this curve clearly represents the direction of field sweep. It is seen from the solid curve in Fig. 2 that two ⌬R up − ⌬R down features occur on either side of H y = 0, with opposite signs, where positive and negative signs represent field sweep-down and sweep-up, respectively. The shape and magnitude of the ⌬R up − ⌬R down curve are directly related to those observed in ⌬R ͑Fig. 2, left hand axis͒. The qualitative MR features were also observed in Bi-based spinvalves. However, the resistance change ⌬R was only about 0.1 m⍀, which is about an order of magnitude smaller than the BiPb-based spin-valve. This large difference in ⌬R for the two types of spin-valves is related to key materials parameters that control electrical spin injection and accumulation. Adopting Johnson's charge-spin coupling model, 19 the resistance R s associated with spin accumulation can be expressed as follows when the spacing L between a spin injector and a detector is smaller than the spin diffusion length,
where P 1 ͑P 2 ͒ is the spin polarization of F1 ͑F2͒ at the interface with N, V is the volume occupied by accumulated spins of ␦M, and s is the spin relaxation time. The second form in Eq. ͑1͒ was derived using an Einstein relation for resistivity and a free electron expression for magnetic susceptibility . 
We measured R s using several different F2 electrodes at variable distance L, and a semilogarithmic plot was made for R s as a function of L. From the slope of this plot, we calculated l s of the N material, using Eq. ͑2͒. The calculated spin diffusion length for the BiPb alloy ͑refer to Fig. 2͒ is ϳ230 m at 2 K, 17 which is the longest value ever reported for thin films. In comparison, the l s of Bi appeared to be smaller by a factor of ϳ3, l s,Bi Ϸ 70 m. Assuming radial spin diffusion from a point at the edge of the N, V Ϸ l s 2 d / 2, and substituting this into Eq. ͑1͒, R s Ϸ 2P 1 P 2 / d. Using d =9 m and the R s and values measured at 2 K, the product P 1 P 2 is calculated as ϳ0.01, leading to an average spin polarization of two F/BiPb interfaces of P avg ͑BiPb͒Ϸ10%. A similar calculation for the F/Bi interfaces resulted in P avg ͑Bi͒Ϸ0.8%. Therefore, it is inferred that the large difference in MR magnitudes, ⌬R͑BiPb͒ / ⌬R͑Bi͒ = 12 for the two N materials, arises mainly from the interfacial spin polarization difference, P avg ͑BiPb͒ / P avg ͑Bi͒Ϸ12.5.
The interfacial spin polarization and the density of spin accumulation also can be affected by the interfacial resistance between F and N. In order to study this effect, we calculated the spin polarization of current crossing the interface and the spin accumulation as a function of interfacial resistance in both Bi and BiPb films, using the extended Valet-Fert model 20 as follows:
͑3͒
In the equations above, +͑−͒ refers to spin-up ͑spin-down͒, J + ͑J − ͒ is the current density, and + ͑ − ͒ is the electrochemical potential for spin +͑−͒. We used spin transport parameters from the literature 11 as well as from our experimental results. These parameters include the bulk resistivity = 7500 ⍀ cm, 480 ⍀ cm, and 5.1 ⍀ cm, the bulk spin asymmetry ␤ = 0, 0, and 0.7, and the spin diffusion length l s = 70 000 nm, 230 000 nm, and 4.3 nm, all for Bi, BiPb, and NiFe, respectively. The spin accumulation and the associated spin polarization are obtained at a position beneath F1, assuming the interfacial spin asymmetry of ␥ NiFe/N = ␤ NiFe , and taking the product of interfacial resistance R and area A, RA, as a variable. Figure 3 shows the interfacial spin polarization P as a function of RA. It is apparent that the spin polarization is significantly affected by the interfacial resistance RA, consistent with the issue of conductivity mismatch. 21 The spin polarization rapidly increases with increasing RA until it reaches a plateau at approximately 1 ϫ 10 −7 ⍀ m 2 , for both BiPb and Bi. From these calculations, we estimated RA values corresponding to the experimentally measured interfacial spin polarization values ͑P BiPb = 10% , P Bi = 0.8%͒. As seen in Fig. 3͑b͒ , the RA values for BiPb and Bi are approximately 2 ϫ 10 −10 ⍀ m 2 and 1 ϫ 10 −10 ⍀ m 2 , respectively.
Although the difference in RA is merely a factor of two, the interfacial resistance is strongly correlated with the interfacial spin polarization as seen in Fig. 3͑a͒ . Figure 3͑a͒ shows that the spin polarization ramp-up begins at RA Ϸ 1 ϫ 10 −10 ⍀ m 2 , which is 2 to 3 orders of magnitude larger than that of a typical F/N metal interface. The combination of highly spin-polarized current and high interfacial resistance led to a large density of spin accumulation ␦M, from another calculation undertaken in parallel. This is presumably because the high interfacial resistance blocks the backflow of injected spins, as discussed in a previous report. 22 However, the relative magnitudes of ␦M for BiPb and Bi at a very high RA are not expected to be the same as the difference in P, since ␦M ϰ P ϫ l s and ͑Bi͒ ӷ ͑BiPb͒ at low temperature. The measured large value of ⌬ ͑or ⌬V͒ is explained by mutual contributions from a large spin accumulation ␦M and a low carrier density n, using the relation ⌬ =2 o ␦M / ͑3n B ͒, where B is the Bohr magneton and o is the magnetic permeability of free space. These results indicate that a sizable interfacial resistance is essential to relax the large conductivity mismatch and thus to build up electrochemical potential as large as observed from our experimental study.
IV. CONCLUSIONS
We studied two lateral spin-valve structures, employing CoFe as a spin injector, NiFe as a spin detector, and Bi or BiPb as a N spin medium. Electrical spin injection and detection were tested on the spin-valves at low temperatures. Sweeping a magnetic field along the magnetic easy axis, the nonlocal MR was recorded. Clear MR signals were detected from both samples but the magnitude was materialdependent. From an independent calculation, it was found that the interfacial spin polarization and spin accumulation are large when interfacial resistance is high. We conclude that a large spin accumulation occurs in BiPb because of the high spin polarization and the high resistance at the interfaces. Furthermore, the measured large spin diffusion length implies a low rate of spin-flip scattering in BiPb at low temperatures.
